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Introduction 

These lectures Trill examine several topics u-here the modern cosmological model is 
lx&g experimentally and/or observationally eszuninecl. Some specific areas a.re: (1) nu- 
cleosynthesis and neutrino counting; (2) the da,rl; matter problems; a,nd (3) the formation 
of ga.lasies and large-scale structure. Comments will also be made on the possible impli- 
cations of the recent solar neutrino es perimental results for cosmology. An a,ppenclis will 
discuss the 17keV “thing” and the astrophysical and cosmological constraints upon its 
properties. However, before going into these specific topics, let us first note the strength 
of the basic big bn,ng framework. 

While Hubble’s work in the 1920’s established an expanding universe, the establishment 
of modern physical cosmology begins with the predictions of Gamow and his colleagues. 

The basic mathematical space-time framework for the model that is now known as 
the Big Bang dates to the mid 1920s and the work of Alexander Friedmzm. However, 
Chandmsekhar has assured me that the prevailing cosmological picture in the 1930s was 
that the Hubble expansion started from a quasi-static Lemaitre-like model where galaxies 
never were squeezed together to form a different phase of matter. In particular, the hot 
big bang model hinges on two key quantitative observational tests: (1) the microwave 
background, and (2) big bang nucleosynthesis (BBN) and the light element abundances. 
This paper will focus on the second of these since that is more directly connected to high 
energy physics. However, it is worth noting that just as the new COBE’ results have given 
renewed confidence in the 3K background argument, the LEP collider (along with the 
SLC) has given us renewed confidence in the BBN arguments. We will return to this point 
momentarily. Note also that the microwave background probes events at temperatures 
- 104K and times of - lo5 years, whereas the light element abundances probe the Universe 
at temperatures - 10r°K and times of - 1 sec. Thus, it is the nucleosynthesis results that 
played the most significant role in leading to the pxticle-cosmology merger that has taken 
place this past decade. 

Since the popular press sometimes presents misleading headlines implying &ZL&S about 
the big bang, it is important to note here that the real concerns referred to iu these articles 
are really in regard to observations related to models of galaxy and struct,ure formation. 
The basic hot big bang model itself is in fantastic shape with high accuracy confirmations 
from COBE and, as we will discuss, nucleosynthesis. However, there is admittedly no fully 
developed model for galaxy and structure formation that fits all of the obserl-ations. (But, 
of course, there is also no fully developed first principles model for star formation either.) 
‘That we might not really know exactly how to make galaxies a,nd lar.ge-scale structure 
in no way casts doubt on the hot, dense early universe which we call the big bang. (We 
also have trouble predicting earthquakes and tornadoes, but tha.t hasn’t meant that we 
question celestial mechanics or a round Earth.) We will return to the problems of galaxy 
and structure formation towards, t&end of these lectures. 

Before going into the specific argument as to the relationship of BBN to ueutrino coun- 
ing, let us review the history of BBN. This will draw heavily on other recent conference 
proceedings.’ 

History of Big Bang Nucleosynthesis 

It should be noted that there is a symbiotic connection between BBN and the 3K 
background dating back to Gamow and his associates, Alpher a,ud Herman. The initial 

2 



BBN calculations of Gamow and his associates3 assumed pure neutrons as an initial con- 
dition and thus were not particularly accurate, but their inaccuracies had little effect on 
the group’s predictions for a background radiation. 

Once Hayashi recognized in 1950 the role of neutron-proton equilibration, the frame- 
work for BBN calculations themselves has not varied significantly. The work of Alpher, 
Follin and Herman4 and Taylor and Hoyle,’ preceeding the discovery of the 3K background, 
and Peebles” and Wagoner, Fowler and Hoyle,’ immediately following the discovery, and 
the more recent work of our group of collaborators8~“~10~“~‘2 all do essentially the same 
basic calculation, the results of which are shown in Figure 1. As far as the calculation itself 
goes, solving the reaction network is relatively simple by the standards of explosive nucle- 
osynthesis calculations in supernovae (cf. the 1965 calculation of Truran et a1.),r3 with 
the changes over the last 25 years being mainly in terms of more recent nuclear reaction 
rates as input, not as any great calculational insight (although the current Kawano/Walker 
code”J’ is somewhat streamlined relative t,o the earlier Wagoner code7). With the pos- 
sible exception of ‘Li yields, the reaction rate changes over the past 25 years have not 
had any major affect.gJ’J2J3 Th e one key improved input is a better neutron lifetime 
determination, a point to which we will also return shortly. 

With the exception of the effects of elementary particle assumptions to which we will 
also return, the real excitement for BBN over the last 25 years has not really been in 
redoing the basic calculation. Instead, the true action is focused on understanding the 
evolution of the light element abundances and using that information to make powerful 
conclusions. In particular, in the 1960’s, the main focus was on 4He which is very insen- 
sitive to the baryon density. The agreement between BBN predictions and observations 
helped support the basic big bang model but gave no significant information at that time 
with regard to density. In fact, in the mid-1960’s, the other light isotopes (which are, 
in principle, capable of giving density information) were generally assumed to have been 
made during the T-Tauri phase of stellar evolution,r5 and so, were not then taken to 
have cosmological significance. It was during the 1970’s that BBN fully developed as a 
tool for probing the universe. This possibility was in part stimulated by Ryter el a2.i6 
who showed that the T-Tauri mechanism for light element synthesis failed. Furthermore, 
‘H abundance determinations’7~‘8 improved significantly with solar wind measurements 
and the interstellar work from the Copernicus satellite. Reeves, Audouze, Fowler and 
Schramm’” argued for cosmologicsd ‘H and were able to place a constraint on the baryon 
density excluding a universe closed with baryons. Subsequently, the ‘H arguments were 
cemented when Epstein, Lattimer and Schramm20 proved that no realistic astrophysical 
process other than the big bang could produce significant ‘H. It was also interesting that 
the baryon density implied by BBN was in good agreement with the density implied by 
the dark galactic halos.‘i 

By the late 1970’s, a. complimentary argument to ‘H had also developed using 3He. 
In particular, it was argued ” that. unlike ‘H, 3He tia.s made in stars; thus, its abundance 
would increase with time. Since 3 He like ‘H monotonically decreased with cosmological 
baryon density, this argument could be used to place a lower limit on the baryon density’s 
using 3 H e measurements from solar wind” or interstellar determinations. s4 Since the bulk 
of the ‘H was converted in stars to ‘He, the constraint was shown to be quite restrictive9 
Support for this point s5 also comes from the observation of 3He in horizontal branch stxs 
which, as processed stars still having 3He on their surface, indica,tes the survivability of 
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It was interesting that the iower boundary from ‘He and the upper boundary from 
*H yielded the requirement that ‘Li be near its minimum of 7LiIH - lo-‘“. which was 
verified by the Pop II Li measurements of Spite and Spite,‘s hence, yielding t,he situation 
emphasized by Yang el nl.” that the light element abundances are consistent over nine 
orders of magnitude with BBN, but only if the cosmological baryon density is constrained 
to be around 6% of the critical value. It is worth noting that ‘Li alone gives both an upper 
and a lower limit to fib. However: while its derived upper limit is more than competitive 
with the *H limit, the ‘LI lower limit is not nearly as restictive as the ‘H +3 He limit. 
Claims that big bang nucleosynthesis can yield fib lower than 0.01 must necessarily neglect 
the ‘He +’ H limit. 

The other development of the ‘70’s for BBN was the explicit calculation of Steigman, 
Schramm and Gunn,27 showing that the number of neutrino generations, N,,, had to be 
small to avoid overproduction of 4He. This will subsequently be referred to as the SSG 
limit. (Earlier work had noted a dependency of the *He abundance on assumptions about 
the fraction of the cosmological stress-energy in exotic particles,‘sJ but had not actually 
made an explicit calculation probing the quantity of interest to particle physicists, N,.) To 
put this in perspective, one should remember that the mid-1970’s also saw the discovery 
of charm, bottom and tau, so that it almost seemed as if each new detector produced new 
particle discoveries, and yet, cosmology was arguing against this “conventional” wisdom. 
Over the years the SSG limit on N, improved with ‘He abundance measurements, neutron 
lifetime measurements and with limits on the lower bound to the baryon density; hovering 
at N, 2 4 for most of the 19SO’s and dropping to slightly lower than 429,30~‘o just before 
LEP and SLC turned on. 

Big Bang Nucleosynthesis: f?b and NV 

The power of big bang nucleosynthesis comes from the fact that essentially all of the 
physics input is well determined in the terrestrial laboratory. The appropriate temperature 
regimes, 0.1 to lMeV, are well explored in nuclear physics labs. Thus, what nuclei do under 
such conditions is not a matter of guesswork, but is precisely known. In fact, it is known 
for these temperatures far better than it is for the centers of stars like our sun. The center 
of the sun is only a little over lJxV, thus, below the energy where nuclear reaction rates 
yield significant results in laboratory experiments, and only the long times and higher 
densities available in stars enable anything to take place. 

To calculate what happens in the big bang, all one has to do is follow what a gas 
of baryons with density ,)b does as the universe expands and cools. ils far as nu- 
clear reactions are concerned, the only relevant region is from a little above 1MeV 
(- 10°K) down to a little below 100&V (- 1O’K). At higher temperatures, no complex 
nuclei other than free single neutrons and protons can exist, and the ratio of neutrons to 
protons, n/p, is just determined by 

where Q = (m, - mp)cz - 1.3MeK 
Equilibrium applies because the weak interaction rates are much faster than the expansion 
of the universe at temperat,ures much above 10’“li. At temperatures much below lO”K> 
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the electrostatic repulsion of nuclei prevents nuclear reactions from proceeding as fast as 
the cosmological expansion separates the particles. 

Because of the equilibrium existing for temperatures much above lO’“li, we don’t 
have to worry about what went on in the universe at higher temperatures. Thus, we can 
start our calculation at lO~l/leV and not worrv about speculative physics like the theorv of 
everything (T.O.E.). or grand unifying theories (GUTS), as long as a gas of neutrons “and 
protons exists in thermal equilibriuim by the time the universe has cooled to - 10MeV. 

After the weak interaction drops out of equilibrium, a little above lO”li, the ratio of 
neutrons to protons changes more slowly clue to free neutrons decaying to protons, and 
similar transformations of neutrons to protons via interactions with the ambient leptons. 
By the time the universe reaches 10gK (O.lIMeV), the ratio is slightly below l/i’. For 
temperatures above lO”K, no significant abundance of complex nuclei can exist due to 
the continued existence of gammas with greater than MeV energies. Note that the high 
photon to baryon ratio in the universe ( - 10’“) enables significant population of the MeV 
high energy Boltzman tail until T 5 0.1 MeV. 

Once the temperature drops to about lO”K, nuclei can exist in statistical equilibrium 
through reactions such as R + p tf’ H + y and ‘H + p w3 He + y and ‘H + n tt3 H + 7, 
which in turn react to yield “He. Since 4He is the most tightly bound nucleus in the region, 
the flow of reactions converts almost all the neutrons that exist at 10’K into 4He. The flow 
essentially stops there because there are no stable nuclei at either mass-5 or mass-S. Since 
the baryon density at big bang nucleosynthesis is relatively low (much less than lg/c&) 
and the time-scale short (t 2 102sec), only reactions involving two-particle collisions occur. 
It can be seen that combining the most a,bundant nuclei, protons and 4He via two body 
interactions always leads to unstable mass-5. Even when one combines 4He with rarer 
nuclei like 3H or 3He, we still get only to mass-7, which, when hit by a proton, the most 
abundant nucleus around, yields mass-g. (A loophole around the mass-8 gap can be found 
if n/p > 1, so that excess neutrons exist, but for the standard case n/p < 1). Eventually, 
3H radioactively decays to 3He, and any mass-7 made mdioactively decays to 7Li. Thus, 
big bang nucleosynthesis makes 4He with traces of *H, 3He, and 7Li. (Also, all the protons 
left over that did not capture neutrons remain as hydrogen.) For standard homogeneous 
BBNI all other chemical elements are made later in stars and in related processes. (Stars 
jump the mass-5 and -8 instability by having gravity compress t,he matter to sufficient 
densities and have much longer times available so that three-body collisions can occur.) 
With the possible exception of iLi,g~10J’~‘2J4 h t e results are ra.ther insensitive to the 
detailed nuclear reaction rates. This insensitivity was discussed in reference 9 and most 
recently using a Monte Carlo study by Krauss and Romanelli.14 .4n ~z/p ratio of - l/7 
yields a 4He primordial mass fraction, 

1% = 
%/p 1 

n/p + 1 = 4’ 

The only parameter we can easily vary in such calculations is the density that corre- 
sponds to a given temperature. From the thermodynamics of an expanding universe we 
know that JJ~ o( T3; thus, we can relate the baryon densitv at lO”1i to the baryon density 
today, when the temperature is about 31C. The problem is that we don’t know today’s ~b, 
so the calculation is carried out for a range in it,. Another aspect of the density is that the 
cosmological expansion rate depends on the total mass-energy density associated with a 
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given temperature. For cosmoiogical temperatures much a,bove 10°K: the energy density 
of radiation exceeds the mass-energy density of the baryon gas. Thus, during big bang 
nucleosynthesis, we need the radiation density as well as the ba,ryon density. The baryon 
density determines the density of the nuclei and thus their interaction rates, and the ra- 
diation density controls the expansion rate of the universe at those times. ‘The density of 
radiation is just proportional to the number of types of radiation. Thus: the density of 
radiation is not a free parameter if we know how many types of relativistic particles exist 
when big bang nucleosynthesis occurred. 

.4ssuming that the allowed relativistic particles at 1MeV are photons, e,p, and r 
neutrinos (and their antiparticles) and electrons (and positrons), Figure 1 shows the BBN 
yields for a range in present ,Q,, going from less than that observed in galaxies to greater 
than that allowed by the observed large-scale dynamics of the universe. The 4He yield is 
almost independent of the baryon density, with a very slight rise in the density due to the 
ability of nuclei to hold together at slightly higher temperatures and at higher densities, 
thus enabling nucleosynthesis to start slightly earlier, when the baryon to photon ratio is 
higher. No matter what assumptions one makes about the baryon density, it is clear that 
4He is predicted by big bang nucleosynthesis to be around l/4 of the mass of the universe. 

The SSG Limit - Cosmological Neutrino Counting 

Let us now look at the connection to N,. Remember that the yield of 4 He is very 
sensitive to the n/p ratio. The more types of relativistic particles, the greater the energy 
density at a given temperature, and thus, a faster cosmological expansion. A faster expan- 
sion yields the weak-interaction rates being exceeded by the cosmological expansion rate at 
an e<arlier, higher temperature; thus, the weak interaction drops out of equilibrium sooner, 
yielding a higher n/p ratio. It also yields less time between dropping out of equilibrium 
and nucleosynthesis at 10gK, which gives less time for neutrons to change into protons, 
thus also increasing the n/p ratio. A higher n/p ratio yields more 4He. As we will see 
in the next section, quark-hadron induced variations3r m the standard model also yield 
higher ‘He for higher values of fib. Thus, such variants still support the constraint on the 
number of relativistic species3* 

In the standard calculation we allowed for photons, electrons, and the three known 
neutrino species (and their antiparticles). However, following SSG and doing the calcula- 
tion (see Figure 2) for additional species of neutrinos, we can see when “He yields exceed 
observational limits while still yielding a density consistent with the ~a bounds from *H, 
3He; and now ‘Li. (The new rLi value gives approximately the same constraint on ~b as 
the others, thus strengthening the conclusion.) The bound on ‘He comes from observa 
tions of helium in many different objects in the universe. However, since 4He is not only 
produced in the big bang but in stars as well, it is important to estimate what part of 
the helium in some astronomical object is primordial-from the big bang-and what part 
is due to stellar production after the big bang. The pioneering work of the Peimberts33 
showing bhat “He varies with oxygen has now been supplemented by examination of how 
4He varies with nitrogen and carbon. The observations have also been systematically re- 
exrunined by Pagel. 34 The conclusions of Page1,34 Steigman et ~1.~~ and Walker et al.” all 
agree that the 4He mass fraction, Yp, extrapolated to zero heavy elements, whether using 
IV, 0, or C, is Yp - 0.23 with an upper bound allowing for possible systematics of 0.24. 

The other major uncertainty in the 4He production used to be the neutron lifetime. 
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However, the new world average of r, = S90 * ~.s(T,,~ = 10.3 hnj is (laminated by 
the dramatic results of Mampe et n1.36 using a neutron bottle. This new result is quite 
consistent with a new counting measurement of Byrne et n2.“’ and within the errors of 
the previous world average of 896 f 10s and is also consistent with the precise C.A/CV 
mea.surements from PERI<E0s8 and others. Thus, the old ranges of 10.4 Z!Z 0.2 nzin, used 
for the half-life in calculations,3g,g seem to have converged towards the lower side. The 
convergence me‘ans that, instead of the previous broad bands for esch neutrino flavor, we 
obtain relatively narrow bands (see Figure 2). Note that N, = 4 is excluded. In fact, the 
SSG limit is nowN,, < 3.4.“‘J’ 

The recent verification of this cosmological standard model prediction by LEP, N, = 
2.98 f 0.06, from the average of ALEPH, DELPHI, L3 and OPALdo collaborations as 
well as the SLC”’ results, thus experimentally confirms our confidence in BBN. (However, 
we should also remember that LEP and cosmology are sensitive to different things.4’ 
Cosmology counts a,11 relativistic degrees of freedom for m, s lOMeV, with LEP and SLC 
counting particles coupling to the 2’ with m, 2 45GeV. 

While V, and v,, are obviously counted equally in both situations, a cllrious loophole 
exists for I/~ since the current experimental limit m,? < 35MeV could allow it not to 
contribute as a full neutrino in the cosmology argument. 42 Proposed experiments which 
push the m,, limit down to less than a few MeV should eliminate this loophole. It might 
also be noted that if we assume rn,- is light so that cosmologically N, = 3, we can turn the 
argument around and use LEP to predict the primordial helium abundance (- 24%), or 
even use limits on “He to give an upper limit on fib (also ,$, 0.10). Thus, LEP strengthens 
the argument that we need non-baryonic dark matter if fi = 1. In fact, note also that with 
N, = 3, if Yp is ever proven to be less than - 0.235, standard BBN is in difficulty. Similar 
difficulties occur if Li/H is ever found below - lo- lo In other words, BBX is a falsifiable 
theory. 

Alternative Proposals 

As noted above, BBN yields all agree with observations using only one freely adjustable 
parameter, ~6. Thus, BBN can make strong statements regarding pb if the observed light 
element abundmces cannot be fit with any alternative theory. Before exploring the impli- 
cations for pb, let us examine alternative proposals which have arisen to tr? to escape the 
power of the homogeneous BBN conclusions. 

The two alternatives that have recently received interest are: 
(1) Decaying particles;43 and 
(2) Quarkhadron transition inspired inhomogeneities. 
The first of these notes that if a species of massive particle (M X fezv Gel/‘) were to 

decay after traditional BBN, it could redo nucleosynthesis. While previous decaying par- 
ticle proposals had been made, the new idea43 emphasizes the importance of the resulting 
hadron cascade which, they argue, will dominate the yields. While interest,ing results are 
obtained, problems with detailed abundance determinations do result. In particular, this 
class of models seems to predict inevitably that 6Li/7Li >> 1, whereas observations show 
‘Li16Li 2 10. Whi!e at first this might seem fatal, it is almost avoidable by noting that 
6Li is much more fragile than ‘Li; thus, it is easy to deplete 6Li and obtain the observed 
ratios. However, Brown and Schramm 44 have pointed out that for high surface tempera- 
ture Pop II stars, the convective zones do not go deep enough to destroy any primordial 
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GLi. Pilachowski et a1.“5 have now looked at those specific stars and indeed find no ‘Li. 
agam seemg ‘Li/“L,i > 10. Therefore? unless the Brown and Schra,mm convection argu- 
ment can be surmounted, “Li seems to contrain this model seriously. Steigman, Audouze 
and others have noted additional problems with this model for 3He and *H ratios. 

Let us now look at the quark-hadron inspired inhomogeneity models.31 While inhomo- 
geneity models had been looked at previously (c.f. reference 9) and were found to make 
little difference, the quark-hadron inspired models had the added ingredient of variations 
in n/p ratios. 

The initial claim by Applegate el nl., followed by a similar argument from Alcock el 
al. that nb - 1 might be possible, created tremendous interest. Their argument was 
that if the quark-hadron transition was a first-order phase transition (as some preliminary 
lattice gauge calculations implied), then it was possible that large inhomogeneities could 
develop at 2’ X 100MeV. The preferential diffusion of neutrons versus protons out of 
the high density regions could lead to big bang nucleosynthesis occurring under conditions 
with both density inhomogeneities and variable neutron/proton ratios. In the first round 
of calculations, it was claimed that such conditions might allow fib - 1, while fitting the 
observed primordial abundances of “He,’ H,3 He with an overproduction of ‘Li. Since ‘Li 
is the most recent of the cosmological abundance constraints and has a different observed 
abundace in Pop I stars versus the traditionally more primitive Pop II stars,‘s some argued 
that perhaps some special depletion process might be going on to reduce the excess 7Li. 
Reeves and Audouze each argued against such processes and tried to turn the argument 
around and use lithium abundances to constrain the quark-hadron transition. 

At first it appeared th&t if the lithium constraint could be surmounted, then the 
constraints of standard big bang nucleosynthesis might disintegrate. (Although Audouze, 
Reeves and Schramm emphasized that the number of parameters needed to fit the light 
elements was somewhat larger for these non-standard models, nonetheless, a non-trivial 
loophole appeared to be forming.) To further stimulate the flow through the loophole, 
Mullaney a,nd Fowler showed that, in addition to looking at the diffusion of neutrons 
out of high density regions, one must also look at the subsequent effect of excess neutrons 
diffusing bxk into the high density regions as the nucleosynthesis goes to completion in the 
low density regions. (The initial calculations treated the two regions separately.) Mullaney 
and Fowler argued that for certain phase transition parameter values (e.g. nucleation site 
separations N 10m at the time of the transition), this back diffusion could destroy much of 
the excess lithium. Recent work by Banerjee and Chitre (private communication) suggests 
that more accurate treatment of the diffusion calculation could reduce the interesting 
separation distance by several orders of magnitude. 

However, Kurki-Suonio, Matzner, Olive and Schramm,32 the Tokyo group,46 and the 
Livermore group4’ have recently a g r ued that in their detailed diffusion models, the back 
diffusion not only effects ‘Li, but also the other light nuclei as well. They find that for &, - 
1, 4He is also overproduced (although it does go to a minimum for similar parameter values 
as does the lithium). One can understand why these models might tend to overproduce 
4He and ‘Li by remembering that in standard homogeneous big bang nucleosynthesis, 
high baryon densities lead to excesses in these nuclei. As back diffusion evens out the 
effects of the initial fluctuation, the averaged result should approach the homogeneous 
value. Furthermore, it can be argued that any narrow range of parameters, such as those 
which yield relatively low lithium and helium, are unrealistic since in most realisitic phase 
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transitions there are distributions of parameter values (distribution of nucleation sites, 
separations, density fluctuations, etc.). Therefore, na,rrow minima are washed out which 
would bring the ‘Li and ~iHe values back up to their excessive levels for all parameter 
values with n - 1. Furthermore, Adams and Freese’ ‘s have arguecl that the boundary 
between the two phases may be fractal-like rather than smooth. The large surface area 
of a fractal-like boundary would allow more interaction between the regions and minimize 
exotic effects. 

Figure 3 shows the results of Kurk-Suonio et (~1.~’ for varying spacing 1 with the 
constraints from the different light element abundances. Notice that the Li and even the 
4 He constraint do not allow &, - 1. (The 4He abundance constraint used in Kurki-Suonio 
et al. was a generous Y, 2 0.25; for the preferred Y, 2 0.24, the ‘He bound is about as 
tight as the Pop II Li constraint.) Note also that with the Pop II 7Li constraint, the results 
for 06 are quite similar to the standard model with a slight excess in fib possible if 1 is 
tuned to - 10. 

Furthermore, initially it looked like quark-ha&on inspired models might enable 
leakage4e beyond mass-7, thus enabling ‘Be, I4 iv or maybe even r-process elements to 
become probes as whether or not the universe hid such a transition (even if 026 - 1). 
However, Tarasawa and Sato 46 have shown that when full multizone calculations of the 
type used by Kurki-Suonio et al. are utilized, then no significant leakage occurs. 

One possible signature that remains for a f&t orcler quark-hadron transition is a 
slightly larger allowed range for Yp that is concordant with iV, = 3 and with the other 
light element abundances. In particular, if 4He were ever shown to be definitively ,$, 0.23, 
it might be evidence for such a quark-hadron induced behavior since the standard homoge- 
nous case cannot accomodate such values. Of course, excessively low values for Yp would 
still be unallowable. 

One can conclude from the failure of the attempts to circumvent the standard BBN 
results that the results are amazingly robust. Even when many new free parameters are 
added, as in the quark-hadron case, the bottom line, when one requires concordance with 
the light element abundances, is essentially the same as the standard result. In other 
words, fib - 0.06 (although with fine-tuning the upper bound might be relaxed a bit to 
N 0.2 rather than 0.1). 

One loophole which can yield variations in Cl* outside the above range is to allow for 
degenerate neutrinos. This possibility has been discussed by many authors over the years 
with the most recent being Olive et al.“’ (also see references therein). The basic point is 
that creating any significant deviations requires excess lepton number densities, Li, that 
are comparable to n7r However, most grand unified/SUSy theories require Lepton number 
excesses that are comparable to baryon number excess. Thus, Li N 7~ << TV. 

Furthermore, in order to fit the observed abundzmces, (word missing) requires that 
Le # L,,,. Since again unified theories tend not to produce Le vs. L,, T in the required 
ratios, but lnore like Le - L, - L, - qs, this loophole appears rather unnatural and 
requires additional parameters that require artificial tuning. 

Limits on Clb and Dark Matter Requirements 

The narrow range in baryon density for which concordance occurs is very interesting. 
Let us convert it into units of the critical cosmological density for the allowed range of 
Hubble expansion rates. For the big bang nucleosynthesis constraints,g~‘0~~‘~1z~z~~30 the 
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dimensionless baryon density &,, that fraction of the critica, density that is in baryons, is 
less than 0.11 a,ud greater than 0.02 for 0.04 5 hg 2 0.7, where ho is t,he Hubble constant 
in units of lOO~m/sec/Mpc. The lower bound on ho comes fmm direct observa.tional limits 
and the upper bound from age of the universe constraints. ” Note tha.t the constraint on 
&, means that the universe cannot be closed with bnnpnic matter. If the universe is truly 
at its critical density, then nonbaryonic matter is required. This argument has led to one 
of the major areas of research at the particle-cosmology interface, namely) the search for 
non-baryonic dark matter. 

Another important conclusion regarding the allowed range in baryon density is that it 
is in very good agreement with the density implied from the dynamics of galaxies, including 
their dark halos. An early version of this argument, using only deuterium, was described 
over fifteen years ago.2’ As time has gone on, the argument has strengthened, and the 
fact remains that galaxy dynamics and nucleosynthesis agree at about 6% of the critical 
density. Thus, if the universe is indeed at its critical density, as nxmy of us believe, it 
requires most matter not to be associated with galaxies and their halos, as well as to be 
nonbaryonic. 

Let us put the nucleosynthetic arguments in context. The arguments requiring some 
sort of dark matter fall into two separate and quite distinct areas. First are the arguments 
using Newtonian mechanics applied to various astronomical systems that show that there 
is more matter present than the amount that is shining. These arguments are summarized 
in Figure 4. It should be noted that these arguments reliably demonstrate that galactic 
halos seem to have a mass - 10 times the visible ma,ss. 

Note, however, that big bang nucleosynthesis requires that the bull; of the baryons 
in the universe be dark since Avis << Q. Thus, the dark halos could in principle be 
baryonic. ‘l Recently, arguments on very large scales 51 
hint that R on those scales is indeed greater than R 

(bigger than clusters of galaxies) 
b, thus forcing us to need non-baryonic 

matter. This is the first ‘observational support for an R bigger than what can be accomo- 
dated with &,. 

Of course, it has been long anticipated, since the only long-lived natural value for R is 
unity, that infiation5’ or something like it provided the early universe with the mechanism 
to achieve that value and thereby solve the flatness and smoothness problems. 

Some baryonic dark matter must exist, since from the ‘H +3 He argument we know 
that the lower bound from big bang nucleosynthesis is greater than the upper limits on 
the amount of visible matter in the universe. However, we do not know what form this 
bxyonic da.& matter is in. It could be either in condensed objects in the halo, such as 
brown dwarfs and jupiters (objects with s 0.0&W. 0 so they are not bright shining stars), 
or in black holes (which at the time of nucleosynthesis would have been baryons). Or, 
if the baryonic dark matter is not in the halo, it could be in hot intergalactic gas, hot 
enough not to show absorption lines in the Gunn-Peterson test, but not so hot as to be 
seen in the s-rays. Evidence for some hot gas is found in clusters of g&xies. However, 
the amount of gas in clusters would not be enough to make up the entire missing baryonic 
matter. Another possible hiding place for the dark baryons would be failed galaxies, large 
clumps of baryons that condense gravitationally but did not produce stars. Such clumps 
are predicted in galaxy formation scenarios that include large amounts of biasing where 
only some fraction of the clumps shine. 

Hegyi and Olive 53 have argued that dark baryonic halos are unlikely. However, they do 
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Table 1 

MATTER 

Baryonic Ob - 0.06 

VISIBLE Q.,.;, s 0.01 

DARK 

Hal0 
Jupiters 
Brown Dwarfs 
Stellar Blad Holes 

Intergalactic 
Hot gas at T - 105K 
Stillborn Galaxies 

Non Baryonic C&b N 0.94 

HOT 

mvr - 25ev 

COLD 
Wimps/Inos - 1OOGev 
.lxions - 10m5eV 
Planetary Mass Black Holes 



allow for the loopholes mentioned above of low mass objects or of massive black holes. It is 
worth noting, as Schramm’ points out, that these loopholes are not that unlikely. Further- 
more, recent observational +dence”” seems to show that disk formation is relatively late, 
occurring at red shifts s ( 1. Thus, the first several billion years of a, ga,laxy’s life may have 
been spent prior to the formation of the disk. In fact, if the first large objects to form are 
less than galactic mass, as many scenarios imply, then mergers are necessary for eventual 
galaxy size objects. Mergers stimulate star formation while putting early objects into h&x 
ra,ther than disks. Mathews and Schramm ‘s have recently developed a galactic evolution 
model which does just that and gives a reasonable scenario for chemical evolution. (This 
scenario also provides a natural explanation for the number-versus-redshift relation of low 
luminosity galaxies found by Cowie. 56 Thus, while making halos out of exotic material 
may be more exciting, it is certainly not impossible for the halos to be in the form of dark 
baryons. One application of William of Ockham’s famous razor would be to have us not 
invoke exotic matter until we are forced to do so. 

Non-baryonic matter can be divided following Bond and Szalay5’ into two major cat- 
egories for cosmological purposes: hot dark matter (HDM) and cold dark matter (CDM). 
Hot dark matter is matter that is relativistic until just before the epoch of galaxy formation, 
the best example being low mass neutrinos with m, - 25eV. (Remember R, - WI. 

Cold dark matter is matter that is moving slowly at the epoch of galaxy formaiion. 
Because it is moving slowly, it can clump on very small scales, whereas HDM tends to 
have more difficulty in being confined on small scales. Examples of CDM could be massive 
neutrino-like particles with masses, M,, greater tha.n several GeV or the lightest super- 
symmetric particle which is presumed to be stable a.nd might also have masses of several 
GeV. Following Michael Turner, all such weakly interacting massive particles are called 
“WIMPS.” Axions, while very light, would also be moving very slowly5s and, thus, would 
clump on small scales. Or, one could also go to non-elementary particle candidates, such as 
planetary mass blackholes or quark nuggets of strange quark matter, possibly produced at 
the quarkhxlron transition. 59 Another possibility would be any sort of massive topological 
remnant left over from some early phase transition. Table 1 summarizes the matter options. 
Note tha.t CDM would clump in halos, thus requiring the dark baryonic matter to be out 
between galaxies, whereas HDM would allow baryonic halos. 

When thinking about dark matter candidates, one should remember the basic work 
of Zeldovich,s’ resurrected by Lee and Weinbergsr and others,s* which showed that for a 
weakly interacting particle, one can obtain closure densities, either if the particle is very 
light, - 25eV, or if the particle is very massive, - 3GeV. This occurs because, if the 
particle is much lighter tha,n the decoupling temperature, then its number density is the 
number density of photons (to within spin factors and small corrections), and so the mass 
density is in direct proportion to the particle mass, since the number density is fixed. How- 
ever, if the mass of the particle is much greater than the decoupling temperature, then 
annihilations will deplete the particle number since, as the temperature of the expa.nd- 
ing universe drops below the rest mass of the particle, Boltsmann suppression prohibits 
production while the number is depleted via annihilations until the annihilation reacton 
freezes out. For normal weakly interacting particles, decoupling occurs at a temperature 
of - IMeV, so higher mass particles are depleted. It should also be noted that the curve 
of density versus particle mass turns over again (see Figure 5) once the mass of the WIMP 
exceeds the mass of the coupling boson63z64@5 so that the annihilation cross section varies 
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as *, independent of the mass uf the coupling hoson. In this la.tt,er case; f1 = 1 can be 

obtained for :\/1, - 1TeV - (31i x -Wpiiinci. )I/*: a-here 3Ii and M plniici. are the only energy 
scales left in the rnJcula.tion (see Figure 5). il loophole to this argument occurs if there is 
a Irln.tte~-alltimatt~~ assymmetry a,s in the case of baryons. Howexr: such particles would 
have to be Dirx particles and we will see that th _ ey are still severely constrained. 

A few yea.rs ago the preferred candidate pa.rticle tva,s probably a few GeT,r nxass WIMP. 
However, LEP’s 1x1; of discover?; of any new pxticle coupling to the 2” with A/r, 5 
45GeVI coupled wit,11 underground experiments, s6 clearly eliminates that candidate.6’~68 
Constmints for pwt:icles not fully coupled to the Z” were discussed by Ellis, Nanopoulos, 
Roskowski a.nd Schra.~~~n~~s n,ncl a,re upda,ted and presented iu Figures 6a and 6b. (The 
inclusion of the Iia,nlioka,nde II results as well as the newer LEP limits yields an important 
update over the results of Ellis et r~l.“’ since it closes the loophole for Dirac particles near 
12GeV.) Note also that the generic constra,ints of Figure 6 also apply to other hypothetical 
pzticles since CDF nnd UA2 do not see any squarks, sleptons, W’ or Z’ up to masses 
significzultly greater tha,n Mzo. Thus, wha.tever the coupling boson is, it must be grea,ter 
tha,n Atzo which nxans the effective value for sin* bz is < 1. 

Furthennore~ as Krauss ” has empha.sized, scaler particles such ns sneutrinos interact 
like Dirac neutrinos so that the Kamiokancle II and ionization experimental limits”” also 
a,pply. Since asymmetric candidates are all Dirac particles, the restricted part of Figure 
Gb constrains asymmetric candid&es where R = 1 is no longer required to follow the locus 
shown. Thus, it seems that whether the particle is matter-a,ntimatter symmetric or not, 
it is required to 1la.w an interaction we&x than weak and/or have a mars greater than 
- 20GeV. Future dark matter searches should thus focus on more massive and more 
wea,kly interacting pxticles. 

Also, as Dimopoulos s3 has emphasized, the next appealing crossing of R = 1 (see 
Figure 5) is X 1TeV (but, in any case, s 340TeV from the unitarity hounds5), which 
can he probed by SSC and LHC as well as by underground detectors. After the correct 
experimental constraints a,re taken into account, the favoured CDM particle candidate is 
now either a 10w5eV asion or a, ga.ugino with a mass of many tens of GeV. Of course an 
HDM v, with mvr - %O+lOeV is still a fine candidate as long as galaxy formation proceeds 
by some mechanism other than a,diabatic gaussian matter fluctuations.““~” This latter 
candidate becomes particularly a,ttractive if recent hints from the gallium experiment73 
require the solution to the solar neutrino problem to have neutrino mixing with v, - v,, 
mazs scales of 0.01 to 0.001 eV, making multiple eV mass SC&S for v, quite plausible from 
see-saw type models where mu7 - mYr (-) MJ, 2 and AJr, is an associated fermion msss for 

MI? 
the ith generation. For example, if one uses the heavy quark masses, (2)’ N 104, so that 
vr becomes ideal HDM. Such possibilities also may help late-time phase transition models 
for producing structure.” 

The 17keV reports are discussed ins the appendixxnd are not dark matter candidates 
due to the instabiliry requirement. 

Structure Formation 

Perhaps the most outstanding problem in physical cosmology today is that of the 
formation of structure. Let us review the basic framework of structure formation in the 
universe. In particular, let us note that structure formation requires that density fluctu- 
ations grow. In order for this to occur, ~,,,(~tt,.~) must be greater than Pr(ndintion). If we 
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Figure Ga. Constraints on WIMPS of mass l>Iz versus sin2 8:, the relative coupling to the 2’. The 
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0.03 for matter-antimatter symmetrjc particles and also exclude the entire cross-hatched region for 
nsymmetric particle candidates. 



defhe Teq a,s the temperaturt where Pm = pr, then for a,n $2 = 1 universe wvit,h ho eqriai 
to 0.5. equa,lity is a.pprosimately lo” times the present tempemture T,. The horizon mass 
a,t T,, is - 5 x 10’“(~)‘M w n 1 ‘cl 
recombination epoch T,.,, 

I gives a present comoving sca.le of - GO( ~)PMp~. The 
for an 1;2 = 1 universe occurs slightly after matter domination. 

At Tree - llOOT, baryon fluctuations begin to grow af’ter recombination and the horizon 
mass at recombina.tion is about 10’“(~)Mo with a comovitig scak of 200( z)Mpc. We 
also know that the fluctuations in the microwave background temperature a,t the time of 
recombination are less than a few parts in 10s. 74 Thus, in traditional models with primor- 
dial fluctuations existing prior to matter domination, growth begins at matter domina.tion 
with the limits from $? forcing 9 to be less than the order of lo-” since 

6Pm - 5 3: 2 1ov 
P 

Since small fluctuation 6p grows linearly with 1 + z, this would mean that fluctuations 
could reach the order of unity only a.t the 

r 
resent epoch. Non-linear growth, and thus true 

structure formation, does not begin until $ has reached unity (see Figure 7). Thus, in the 
standard model, the existence of objects at z > 1 (see for example Gunn, Schneider, and 
Schnlidt75) requires that there be fluctuations fa,r larger than the average in order t,hat 
these’objects currently exist. As Efstathiou and Rees7s point out, the gaussian fluctuat.ion 
model for primordkl fluctuations would not allow a large number of quasar-like objects to 
form at z 2 5. 

-411 models for structure formation require a,t least two basic ingredients for that struc- 
ture: 

(1) the matter, 
(2) the seeds. 

In traditional models, the seeds are random fluctuations in the density field generated at 
the end of the GUT phase transition, presumably accompanying inflati6n.7’~78 

-4s mentioned in the previous section, the matter in any model of galaxy formation with 
R = 1 consists of normal ba.ryonic matter with C? the order of 0.06 and some non-baryonic 
matter, either hot or cold, with R the order of 0.94.79 

The seeds which clump the matter to form objects may be divided into two broad 
categories (see Table 2) which can further he subdivided. The two broad categories would 
be (1) random gaussian seeds, presumably induced by quantum fluctuations at the end of 
a phase transition, and (2) topological defects produced in a vacwm phase tmnsition. For 
the random gaussian seeds, the tra,ditional assumption has been that the phase transition 
is the one associated with inflation. 77s’8 However, it has been shown that similar kinds 
of fluctuations can also be generated in late-time phase transitions.15J6 Similarly, for the 
topological defects, they could be formed either at the end of a GUT phase transition 
(- 10”GeV) or in some late-time transition.73’82@ In some sense this current division 
of random versus topological replaces the old division of a,diabatic versus khermal (or 
isocurvature). In fact, the current “random gaussian” are indeed “adiabatic” and the 
topological are isothermal and isocurvature. However, the latter have the new added 
feature of also being non-gaussian. 

Let’s note that all models for galaxy formation require new fundamental physics beyond 
the current particle standard model 

su3 x su, x UI. 
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Table 2 

SEEDS 

I 

II 

RANDOM GXUSSIAX. Quantum Fluctuations 

.4. End of Inflation 

B. LTPT 

TOPOLOGICAL DEFECTS 

A. GUT 

B. LTPT 



In pxticular, all non-baryonic darli matter, whether hot or cold. requires new physics1 
and similarly, all seeds, whether GUT scaie or late-time and whether random gaussian oi 
topological, require vacuum plmse transitions. No model exists that does not invoke new 
physics. In fact, the existence of st;ructure in the universe is one of the most important, 
clues to the existence of physics beyond the standard model. 

We should also note that not a,11 combinations of seeds and matter are possible. For 
example, if one uses random gaussian seeds, then the non-baryonic matter must be cold, 
whereas if one uses topological seeds, the non-baryonic matter can be either hot or cold. 
One should also note that baryonic halos would require hot dark matter and hence topo- 
logical seeds. Thus, searches for the dark baryons will also help constrain the non-baryonic 
candidates. 

All current seed models require some form of vacuum phase transition. Thus, let us es- 
plore what possible phase transitions might occur (see Table 3). It should be noted in look- 
ing at Table 3 that of the three general classifications of cosmological phase transitions-the 
early, intermediate and late-the only ones that we absolutely know must have occurred 
a,re in the intermediate category when there is a horizon problem, namely that the horizon 
at the time of that transition is too small to generate galactic sized structure, and yet, 
the transition is not accompanied by significant inflation. The traditional early transitions 
have been used in the past because, while their horizon is small, inflation ca.n amplify the 
effects to large scales. The other option is that of a hue-time transition, where the universe 
waits until the horizon is sufficiently large that the physics of the phase tmnsition directly 
yields the structures without having to use inflation to avoid the horizon problem. 

Potential Observations to be Explained 

In the last couple of years there have been a number of observations affecting galaxy 
formation and large-scale structure that have been a potential problem for traditional 
models which invoked early random gaussian fluctuations. However, because each of these 
observations is new and has not stood the test of time, in this discussion we refer to these 
a,s potential observations. In particular, many of the advocates of gzmssian fluctuations 
a,nd cold dark matter have tried to argue that these observations are statistical flukes that 
have yet to be established. Obviously, if these potential observations continue to hold up 
a,nd are verified and are shown to be ubiquitous rather than statistical rareties, then the 
traditional models are in serious trouble. Table 4 summarizes these potential observations. 
Perhaps the most potentially damning would be observations of microwave anisotropies $? 
a,t levels significantly below 10-5. However, at the present time, observations of small sca,le 
anisotropy are at the level of a couple times 10-s. Observations on angular scales of degrees 
or more are a.lso approaching a few 10e5. As this paper is being written, the measurements 
have not yet reached the point of ruling out the model of random fluctua.tions. However, as 
noted by Smoot,7* within the not too distant future, COBE may be able to x&eve limits 
<as low as 3 x lo@’ on scales of a few degrees and lxger, and antarctic studies may also 
push to similar levels on somewhat smaller scales, as might the baloon studies of Meyer et 
(il. at MIT. 

The next observation that can be a potential problem for tmditional models is the 
existence of structures with scales greater than the order of 100M~~c. In particular, the 
great wall observed by Geller and Huchra s* shows that there is at least one such wall in 
the universe. The observations of Broadhurst et al. ss@ show evidence for a multiplicity of 
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Table 3 

VACUUM PHASE TRANSITIONS 

E.4RLY (Small horizon but inflation) 

- 1019GeV - T.O.E. 

- 10’6GeV GUT 

INTERMEDL4TE (I<nown to occur but horizon problem) 

N 102GeV - Electroweak 

- 1GeV - QCD 

LATE (Horizon large) 

- lo-*eV Family symmetries, etc. 



Table 4 

POTENTIAL OBSERVATIONS 

1. y ( 10-s 

2. structures 2 1OOMpc 

3. Large coherent velocity flows 

4. Objects existing at z 2 5 

5. Large cluster cluster correlations 



such great walls with the characteristic spacing comparable to the size of the Geller-Huchra 
wall itself. While much debate has been made about whether or not the multiple walls of 
Broadhurst et (~1. are periodic or quasi-periodic, it does seem clear from their observations. 
a,s well as the work reported by Szalay, ” that there is significant structure in the universe 
on scales of - lOOh/Tpc. This is thoroughly supported by the large coherent velocity flows 
where the Seven San~urai88 and others have found evidence for the existence of an object 
they call the “Great Attractor” towards which the Virgo cluster and the Hydro-Centaurus 
cluster all seem to be flowing with a velocity - GOOkna/sec. This a,gain seems to indicate 
evidence of structures on the scales of at least GOn/l~x. 

Perhaps most constraining of the traditional astronomical measurements is the exis- 
tence of objects at very large redshifts. In particular, Schneider, Schmidt and Gum” have 
found a quasar with a redshift of 4.73 (and they have privately reported one at 4.9). As 
Efstathiou and Rees ” have noted if such objects are ubiquitous, this would be fatal for 
primordial gaussian fluctuation mbdels. Similarly, if one ever finds a quasal--type object 
at much larger redshifts, that would also be fatal. 

.4nother potentially fatal observation for gaussian fluctuation models comes from the 
work of Bahcall and Son&a,‘” and Klypin and Kh10pov”~ where they find that clusters of 
galaxies seem to be more strongly correlated with each other than galaxies are correlated 
with each other. While Prima& and Dekel”’ have warned of the dangers of projection 
effects on such observations, it seems difficult to understand how projection effects would 
give the fractal-like behavior.“’ Furthermore, the southern hemisphere work of Huchrag3 
also seems to support high cluster correlations. Most recently Vandenburg and West”” have 
also found similar correlations for the CD galaxies observed at cluster centers. These CD’s 
should not have the projection effect problems because redshifts are known. Even Primacl; 
and D&l now acknowledge that there seems to be some excess in cluster correlations. 
If such large correlations turn out to be real, they too cannot be easily explained in the 
gaussian model, and, as Szalay and Schra.mmg3 note, they seem to be best fit by some 
sort of fractal-like pattern, as one might get from topological defects induced by a, phase 
tmnsition. 

Late-Time Transitions 

By late-time transition we will mean a,ny non-linear growth occurring shortly after 
recombination. .4s mentioned above, such non-linear growth can be related either to a 
gaussian pattern or to a topological pa.ttern such as wails, strings or textures. It is also 
possible that some normal random gaussian pattern from the very early universe could 
be triggered to undergo non-linear growth by some sort of phase transition or related 
phenomenon occurring after recombination. An example of this latter case would be the 
neutrino flypaper model of Fuller and Schramm.g5 

In general we will see that these late-time transitions can give the smallest possible 
G for a given size structure. They can produce non-gauss&n structural patterns, fractal- T 
like with large velocity flows. It might be noted that the co-moving horizon at the time 
of the transition is not too different than the scale associated with the largest structures 
observed. No model of primordial fluctuations naturally imbeds this horizon scale onto the 
structural pattern. If some non-linear growth is associated with the patterns, the horizon 
scale can be imposed on the structure. 

.4nother very dramatic advantage of Late-time transitions, illustrated in Figure 7, is 
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that it can produce structlue with $ 2 1 at z 2 10. Thus, one could have significut 
structure and a significant nlm~ber of objects at high redshift, which is a problem in a.ny 
normal model wit,h the seeds forming prior to recombination. 

Let us now explore the possible physics tha.t might give rise to a, la,te-time t,ra.nsition. 
that is, a transition with a critical temperature between O.OOleV a,nd IeV. It might he 
noted that, in some sense it is a “hierarchy” rather than a “fine-tuning” problem to oldain 
a tra.nsition in this t,emperature range. We are trying to find a small ma,ss s&e somewhat 
analogous to how one would like to find the ma,ss scale of the electron, or, for that ma,tter, 
the 2’ boson, when the natural mass scales to the problem are closer t,o 101gGeV, a,s in 
superstring models, or to 0. The hierarchy problem of trying to find the intermediate scale 
of the electroweak interaction of somewhere between the quark-lepton scale a,nd the GUT 
or Planck scale has traditionally been approached with either a supersymmetric solution 
or a dynamical solution (“technicolor”). This supersymmetric solution, in some sense, is 
analogous to the model proposed in the appendix of Hill. Schramm and Fry,?’ denoted a,s 
HSF, which is an adaptation of the Hill-Rossg6 mechanism. -4 dynamical solution which 
has been proposed by Dimopoulosg7 mvolves a shadow SU3. The scale of a physics that 
might be associated with a,n HSF mechanism was relating to the MSW mixing solution to 
the solar neutrino problem. 

The MSWy8~g9 mixing solution to the solar neutrino problem is achieved if the neutrino 
mass difference squxed, 6m2, 1s of the order of low4 to 10e7eV2, or, in other words, 
neutrino masses of the order of a, fraction of an electron volt. If we assume, following HSF, 
that the neutrino masses xe generated by a pseudo-Nambu-Goldstone boson mechanism 
with mass 

and with a transition occurring at Z’,,i, - mvr and if we further assume that the coupling 
f is related to the GUT scale, since we want to imbed this in some sort of unified theory, 
then the Compton \vavelength A+ - IMpc, in other words, a galactic scale. The density 
of the I$ field at the time of the transition is the order of the cosmological density, in other 
words, 

P 

(Note that this is natural for phase transitions, whereas the requirement for primordial 
transitions to have small fluctuations, as inflation requires, is a fine tuning requirement.) 
Furthermore, the a>-erage spacing of the nucleation sights, L, can be estimated from Cole- 
man’s theory on spontaneous nucleation to yield spacings today that are interesting: 

RH -N 
L ke--- % 1 Tcrit 

Leo = L(1 + Zcrit) = Lo;;O&)(p)(l + &P2 
~.,.t 0 

where ~,,it = Z, = (Tc,it/To - I), 

16 



RH is the horizon radius at 2: a.nd iv,, - 
10-2e~~t010-“eV/L~~(,,,,i~~~ N 40tO14011/IpC. 

10’“GeV. This vieIds for T’rit - 

As we mentioned previously, recent impetus for n&v physics at t.his energy scale ha,s 
come from the SAGE experiment which detects neutrinos from the PP cha,in in the sun. 
The previous solar neutrino experiments, the chlorine and the Iiamiokande experiments, 
a,re mainly sensitive to the rare “B branch of the solar energy generating react,ions. It is well 
established that the sB experiments have seen fluxes at levels somewhat below theoretical 
predict,ions. loo However, there has always been the worry that the *B channel may be 
supressed due to astrophysical effects since its yield is very temperature sensitive. However, 
the PP chain that produces the neutrinos to be detected by SAGE must work if the sun 
is burning by fussion. Thus, the report lo1 of no significant counts above ba,ckground after 
five months of running the gallium experiment when they expected nineteen counts for the 
standard model implies that something is happening to the neutrinos on their way between 
emission a,nd a,rrival at earth. (Or, that something is wrong with the detector, such as 
“Ge produced by v-capture because it starts as an ion may have different chemistry than 
neutml “Ge.) Of course, the present results are very preliminary. Questions with regard 
to estimates of background, counting efficiencies, systematics, statistics, etc., remain, but 
the tantalizing hint that the ve’s mixed into some other species of neutrino on their way 
out of the sun is certainly exciting. The final state of this experiment will not be known 
for several years. The similar gallium experiment operated by the GALLES collaboration 
in the Grand Sass” Tunnel in Italy is also beginning to run but so far has had some 
background problems. The GALLEX chemistry may be somewhat cleaner and we will thus 
have a,n independent check on SAGE. Furthermore, both of these gallium experiments will 
be callibrated using 51Cr sources of MeV neutrinos. Thus, one will have a true check of 
their counting efficiencies, etc., and both of these experiments will run for a long-enough 
time that the statistics will reach significant levels. If the neutrinos really are mixing on 
their way out of’the sun, then the MSW solution is probably valid and we are in the realm 
discussed above. 

It might also be noted that a simple applica.tion of the Gell-Mann-Ramand-Slnnsky 
see-saw model’“’ for neutrino masses yields some interesting implications. If we zsume 
that there is a mass hiera,rchy in the neutrinos with the electron neutrino having negligible 
mass, the ~1 the intermediate mass a.nd the 7 the heaviest, and we assume t,hat the mixing 
of the LJ, in the sun goes to its nearest neighbor family, the v,,, then the I/,, is ca,rrying 
most of the mass of the MSW 6;. Th e see-saw mechanism argues that 

for a given family, or, in other words, 

T’lY? - rn”*(=J2. 

If we use lepton masses for the fermion masses, this yields a v7 mass in the neighborhood 
of a few eV. However, if we use heavy quark masses, then, since the top quark mass is 
2 100 times that of the charm quark, this yields v, mazses in the neighborhood of 10 to 
100 eV, making it perfect hot dark matter. It might also be noted that the see-saw mass 
scale, M, in this picture, ends up being the order of lo9 to 1012GeV, which happens to 
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be the oniy window a~llowrd for the DFS-asionio3 . scale. It might further be noted that 
if the non-baryonic da.rk matter is indeed the 7 neutrino? then one is required to dismiss 
primorclia~l gaussian fluctuations. 

Note that even if the MSW mixing is V, - v,, the LTPT possibility is still there, but 
then all neutrinos would be light and could not serve as HDM. It is interesting that in this 
latter case the see-saw M is the GUT scale. 

Structure from LTPT 

LTPT can produce vacuum fluctuations of the random gaussian character just as could 
be genera,ted at the end of inflationi However, as emphasized in references SO and Sl, 
these structures will have a quantum scale that is the order of a galaxy size, and the bosons 
associated with the fluctations might even serve as the dark matter of the universe. 

The other alternative for LTPT is to produce topological structures. Just as early 
universe phase transitions can produce strings and/ or textures, LTPT can also produce 
such objects. Furthermore, LTPT can produce walls which are a problem for primordial 
phase transitions. However, there is a problem for some walls, depending on the nature 
of the interaction potential. LTPT that have a &?I~ potential will end up with one mall 
clominating as was demonstrated in references 104, 105 and 106. However, this problem of 
one wall dominating can be surmounted in a variety of ways which have varying degrees 
of attractiveness, depending on the eyes of the beholder. For example, in the HSF phase 
t,ransition, the walls are sine-Gordon rather than X4”. As Widrow has shown,“’ the sine- 
Gordon walls can yield “bags” of wall or “balls” of wall which survive several expansion 
times. These bags or balls can then serve as seeds in galaxy formation, and thus, it is 
their amplitude that becomes a deciding factor for y limits as opposed to the energy 
scale of the infinite walls which can be made quite small. This latter point was emphasized 

s* by Hill, Schramm and Widrow.~ Another way of avoiding single wall dominance is the 
decaying wall model of ICawano”* where the walls serve as seeds and then decay away. 
It is also possible to escape one-wall domination with a large number of minima in the 
potential. Perhaps the most dramatic way of escaping one-wall domination, thus keeping 
a network of walls, as shown in Figure SA, is if the walls have friction with the ambient 
medium, whether it be neutrinos or the remaining baryonic and/or non-baryonic matter 
in the universe.log Alessandro Massarotti has shown that friction can in many reasonable 
cases slow the walls down sufficiently that they do not evolve to the one-ball domination 
situation. In this case, one retains a complex network with L for the wall being much less 
than the horizon size. 

It might be noted that long walls gravitationally repel rather than attract,“O~“’ 
whereas balls of wall are attractive seeds. Thus, a combined network of balls and slowed- 
down long walls can yield a complex structure which may be even of a fractal character in 
agreement with the claims of Schramm and S~alay”~ from cluster correlations. 

In addition to walls, LTPT can also produce textures”* or non-topological solitons.“3 
In these latter cases, or with the bags of wall dominating, one will have networks more 
closely ressembling Figure 8B and Figure 8A. It should be noted that the parameters L 
and 6 and the nature of the structures generated are dependent on the model for the 
LTPT. It should also be noted that questions of the detailed physics of imbedding the 
LTPT into some larger GUT or TOE are dependent on the unification model. HSF have 
shown that a reasonable toy model can be constructed which can give a phase transition. 
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WALL NETWORK 

Figure 8a. A generic wall network defining the wall thickness b’ and the characteristic spacing of 
structure L. 

SEED NETWORK 
(Bag, balls-of-wail, Textures, etc) 

0 

0 

Figure gb. A generic network for seed generation with seed size 6 and seed separation L 



, 
These phase transitions in many ways are quite analogous to the axion-producing phase 
transition which has a coupling at a scale nea.r to the order of 10l’Gt I’, far above the QCD 
phase transition scale of the order of Gel;. And like the asion_ the particle involved in the 
LTPT of HSF has a pseudo-Nambu-Goldstolle boson. However, instead of being related 
to the strong interaction a.nd quarks, ill the LTPT case it, is related to the neutrinos a.nd 
probably to family symmetry. 

Generating seeds a,t a,n LTPT might be xlvantageous for producing the multiple walls 
of Broadhurst el al. 85,8G In particular, Icke and Weygaert,“4 and C01es”~ have indepen- 
dently demonstrated that the phenomenologica~l Vornoi tessalations of the intersection of 
expanding rarefxtion shells give a very good fit to huge scale structure if the nodes of 
these tess&tions are fit to the .4bell clusters. In particular, they note that one gets quasi- 
periodic walls at - 130Mpc with cluster correlation functions that are quite strong and 
follow the fractal behavior of Schramm a,ncl Szalay. However, the seed distribution re- 
quired to give this tessalation causes a. conflict with the microwave background radiation, 
if the seeds are generated prior to the decoupling. However, an LTPT could remedy that. 
Similarly, Ann LTPT call pmvide the seeds to enable hot da.& matter to work as a galaxy 
formation model (see, for example, reference IlG.) It might be noted that the typical bag 
of wall can easily yield a g&xy or a quasar-forming seed. 

We can estimate the mass associated with a wall in the following way: 
Let 0 = energy density per unit area, that is: 

CT = p.J - * x 1;;5spo6 (1 + 2,)4 

where 

6 G thickness 

p,. = density of the wall 

s = ef at zc 
Pr 

PO = 3 x 10”h$wo/Mpc3 

then 

M,,,-n7L2 - 3 x 107(1 + ZC)“( 

and for stable walls 

n,(Z)-3 u 
4 P&l + z)“. 

Note that R,, at the present epoch, can be the order of unity. Wall domination can 
occur at present epoch if 

z, 2 11(g)‘(y)+ - 1 
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for stable walls. It might, be noted that if wall domination occurs at the present epoch. 
as long a,s there are multiple walls, rather than just one wall dominating, one has the 
interesting situa,tion where the cwpansion of the universe is no longer following the normal 
Ina.tter-dominated relationship, and, in particular, one can achieve ages grea,ter than *. 
Such a situation may be a solution to the age-Hubble constant problem if h, is ever sho& 
to be grtxter than 0.7. 

It might also be noted for topological structure generated by LTPT that the structure 
is relatively independent of whether the non-baryonic dark ma.tter is hot or cold. 

Microwave Anisotropies 

Since LTPTs provide no fluctations on the surface of last scattering, all fluctuations 
from the microwave background must be due to the differential redshift-blueshift non- 
cancellation due to a cha.nging potential in the transparent medium or due to scattering 
of the microwave photons off of moving objects. One can estimate the potential change 
due to the 4 field itself generated in the phase transition and by the dynamic motion of 
the structures and the Doppler shift thereby produced. One can also do the classical Rees- 
Sciama and Sachs-Wolf calculations for the y generated by existing objects.“s,“” We 
can estimate its effects roughly in the following way: The static effects will dimensionally 
go as 

6T 
- - fl,“( -+ 
T RH 

- GaL. 

The time-changing effects can be estimated by multiplying the static effect by T. 
While different people remember different formulations of these things, one can show that 
because of the nature of walls and other topological systems, the effects can be reduced 
to the form GcJTL times T or $. Since a,ny walls or topological seeds we ever see must be 
moving with V < c, the dominant effect will in general go like GuL, which cr7.n be shown 
to yield the result: 

!g N lo-y%,4 s( &A& 

- lo@ for L - lOOMpc, 6 - lMpc, ZC - 10. 

Note that this yields F - lo-” even for an L of lOOA4pc. The distribution, however, of 
these fluctuations depends very much on the detailed topological nature of the structures 
produced. In particular, Turner, Watkins and Widrow ‘I9 have shown that balls of wall tend 
to produce spikes very similar in nature to the spikes that textures produce. i\ general 
formalism showing the wide range of structures in non-gauss& microwave background 
fluctuations has been developed by Go&z and Noetzold.120 

In general, one can see that if struct,ure of size L is generated by a late-time phase 
transition, and L is the maximum size of structure produced in that transition, then the 
late-time transition does give the minimum $? for that structure. Of course the question is 
what is the characteristic size L of structure generated in a transition. For Q4 structures, 
L goes to the horizon size, in which case $? gets larger than current observational limits. 
However, as mentioned above, many other possibilities can be. generated in LTPT, with 
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L at present ibeing a somewhat freely adjustable parametcr~ depending on the model; the 
amount of friction: the decay of the wa,lls, etc. 

Conclusion 

In these lectures we have seen that the basic big bang model is in excellent shape 
with the recent collider results helping to confnm it in the same way they’ve helped with 
SU, x SLi, x Ui. We’ve also seen that the prediction that the bulk of the matter in 
the universe is in the form of some exotic non-baryonic species obviouslv xxxtins to be 
confirmed. Furthermore, we’ve examined the current problems of generating structure in 
the universe, mentioning the traditional primordial scenarios as well as the new exotic idea 
of a late-time phase transition. 

.411 in all, we’ve seen that cosmology is tremendously active with new data coming 
from both astronomical and particle physics techniques. We’ve also seen that some of 
the best current indications for particle physics beyond SVs x SUs x 0’1 are coming from 
astrophysical arguments. 
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Appendix I - The 17 keV “Thing” 

A few years ago Simpson’s’ reported the possible existence of a 17 keV mass state 
mixing at the 1% level with an electron neutrino during tritium decay. Although initially 
met with some skepticism, it could not be trivially dismissed. Recently, attention has been 
refocused on this object <as a result of a series of other nuclear p decay experiments. In 
particular, Norman’s3 and his collaborators reported the existence of a similar 17 keV 
component at the 1% mixing level in carbon-14 decay, a,nd, most dramatically, Hime and 
Jelly’s4 reported a similar 17 keV mass mixing at the l”/o level in sulphur-35 decay. While 
this is all still somewhat preliminary, and there are worries that there could be some sort of 
non-obvious instrumental effect occurring (for example, it might be noted that the effect 
has been seen only using solid state detectors rather than magnetic spectrometers’ss), 
nonetheless, the possibility that an electron neutrino mixes at 1% level with something 
that has a 17 keV mass has raised much excitement. 

There’s a problem, however, in what this object can be. Numerous papers have been 
written discussing the problems and trying to come up with exotic models that might be 
able to fit it.lz6 Basic problems are as follows: 

1. It is well known that there are only three families of neutrinos from the LE,P 
experiments. Thus, if the 17 keV object is another neutrino, it must be either the p or the 
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7. Bllt limits on I/, vll mixing show that it is much less t~han l’%, so the only neutrino 

possibility is v’,. 
2. It is also known that neutrinoless double 0 decay 1~s not been seen. This limits 

the majorana mass for the electron neutrino to be less tha,n approximately 1 electron volt. 
Since the 17 keV mass times the 1% mixing yields a, ma,ss of l?OeV, this particle cannot 
ha.ve a majorana mass in the normal interpretation. (The exotic option of having the 
mxjorana mass tei-m be a combination of ~1~ (~CG,~ + SV,) a,ud thus maximally violate the 
Cl’ cannot be easily excluded.‘*‘) 

3. If the 17 keV does not have a majora.na ma,ss, then it must have a, Dirac mass if it 
is a neutrino. 

4. If it has a Dirac mass, then big bang nucleosynthesis would count the spin-flip 
component as an extra neutrino state and, as we saw earlier, big bang nucleosynthesis does 
not allow more than a total of 3.4 neutrinos, thus excluding any of the normal neutrinos 
from having right-handed components that interact with normal neutrino-like interactions. 

5. The remaining option would be that this right-handed component must interact 
much more weakly than normal left-handed neutrinos. Olive et ~1.“~ showed that the 
nucleosynthesis limits on exotic neutrinos can be surmounted if those exotic neutrinos 
interact much more weakly than normal neutrinos. Thus, the right-ha.nded component 
would have to couple to a PCZ’ with a mass greater than about - TeV. 

6. This leads to a dilemma in another astrophysical area.. If the right-handed neutrino 
is so weakly coupled, then it would have freely escaped from SN 19S7A. Gandhi and 
Burro~s’~~ have argued that right-handed neutrinos with masses greater than 14 keV 
are excluded (a recent numerical error in their calculation may push their limit up to 28 
keV). While this limit at first appears only marginal, it should be noted that calculations 
treating neutrino processes in more detail (including neutrino bremstrahlung induced spin- 
flip which Turner13’ has shown will significantly enhance production) as well as the slightly 
higher temperatures encountered in the course of other supernova collapse calculations 
(see, for example, Mayle, Wilson, Schramm131 
to push it down significantly below - 

) appear to strengthen this limit and seem 
lOkeV, thus severly constraining the existence of a 

right-handed Dirx neutrino. Furthermore, one can’t have it both ways. If the neutrino 
is sufficiently weak to escape the cosmological bound, then it makes it easier for it to get 
out of the supernova and make the time-scale of the neturino burst in SN 1987A shorter 
than what wa,s observed to be. The basic physics in the time-scale is simply that the 
ten second duration of the neutrino burst (see review by Truran and S~hrarnrn’~~) requires 
that neutrinos diffuse out rather than freely stream out. If a.ny component of the neutrinos 
is able to stream out freely, then there would be a leakage of energy out of the core and 
the duration of the neutrino pulse would be much less. Similar arguments to this were 
used to set limits on axions and any other exotic particles that might have been produced 
in the collapsing core. 

7. From the cosmological constraints on R, any 17 keV neutrino would have to be 
unstable, since a Ii keV stable neutrino would yield an R of approximately 200, which 
would have led to the Big Crunch many eons ago. 

S. If the neutrino were unstable, it would have to be sufficiently unstable that it did 
not escape the supernova core, and it could not decay to photons since no gamma rays 
were seen to accompany the neutrinos from SN 19S7A. Thus, in the lo5 year lifetime of 
transit from 19S7A to the solar system, the neutrinos did not produce significant radiative 
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products. 
9. This further contrains any model since an invisible decay that did not produce 

photons would require some other new particles such a,s R majoron: whicll then should 
have been counted in big bang nucleosynthesis a,nd, as we’ve a.lrea,dy seen, that limit seems 
to be quite forrnida~ble. 

All in all; this seems to mean that whatever the 1TkeV t.hing is, it is not. a neutrirlo in 
any normal sense of the word. 
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